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ABSTRACT 



Research with ferrites has shown that these materials possess a 
number of nonreciprocal properties when used in the microwave frequency 
range. This unusual behavior has led to an increased usage of ferrites 
in microwave devices. 

Extensive experiments conducted at the National Bureau of Standards , 
Boulder, Colorado, verified the theory and feasability of obtaining pre- 
cision linear phase shift measurements using ferrites as the control 
media inside X-Band waveguide. Results of the experiments showed that 
the ferrites used for phase shift control at X-Band should have the 
following properties: High mu, low loss tangents, high Curie Tempera- 

ture, low saturation fields, and high resistivity. 
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CHAPTER I 



INTRODUCTION 



1-1 . Electromagnetic Propagation Theory 



The 

(circular 

Equations 



Propagation of electromagnetic energy in a waveguide 
or rectangular) is expressed by solutions to Maxwell's 
in vector form (42) 
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where E and H are vector functions of the cross section of the wave- 
guide, E q is normal and tangential to the guide surface. The vector 
can be resolved into rectangular components or circular components. 

In either case propagation is in the positive z direction. In equa- 
tions (1) and (2) the symbols are defined as: 

E = Electric field vector 
H = Magnetic field vector 
CO = angular frequency in radians/sec 
t = time 

r = propagation constant of media inside the waveguide 
Since T is a function of the media inside the waveguide it can 
be expressed as 



r - <x + j# 



(1-3) 



or 



r - ju 



(1-4) 



where a. is the attenuation factor per unit of length, fi is the phase 
factor per unit of length, j u o and are the permeability and dielectric 
constants of free space, and fjt and £ are the permeability and dielectric 
constants of the medium inside the waveguide and are in general complex. 
In inks units 

IH, ^ <HT x l0 7 '“'"''j/mete' 

If the medium inside the waveguide is a vacuum, then it is readily 
seen that a = 0 and T = j/9 or that the electromagnetic energy only ex- 
periences a phase shift as it travels down the waveguide. 

Even in waveguides filled with air there is some attenuation and 
phase shift as ju and £ are not exactly equal to ju c and 

If however any material other than air is inserted in the pro- 
pogation path, oc and £ become significant and must be considered in 
solving the boundary value problem and Maxwell^s Equations. 

From this discussion it would seem possible that phase shift and 
attenuation in a waveguide can be controlled if the dielectric constant, 
permeability, or electrical length of the waveguide can be varied. 

This paper will concern itself more with phase shift problem and will 
not delve into the attenuation problem except where it is necessary 
to explain how phase shifting is accomplished with accompanying low 
attenuation. 

1-2 . Mechanical and Dielectric Phase Shifters 
One way of changing phase in an air filled waveguide would be 
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to change the electrical length of the waveguide. This can be accomp- 
lished, in a rectangular waveguide, by changing the wide dimension of 
the waveguide. 

It has been shown (42) that when electromagnetic energy is pro- 



The cut off wavelength, is equal to twice the wide dimension of 

the rectangular waveguide. Therefore if the wide dimension is varied 
the guide wavelength (electrical length) will change, causing a phase 
shift . 

This method of phase shifting causes perturbations in the wave- 
guide with resulting attenuation losses and is also very limited in the 
amount of phase shift that can be achieved. There are also accompanying 
mechanical difficulties with this system making it unacceptable as a 
precision phase shift method. 

Another method of accomplishing phase shift in a waveguide is to 
introduce a dielectric material into the path of propagation. The 
dielectric material used must have no permeability factor and be complex 
only in Thus the real part of e will vary the phase and the imaginary 
part the attenuation. For dielectric phase shifters a material with a 
negligible or very small imaginary part is used in order to keep the 



pagating in a waveguide filled with air, the guide wavelength (\ ) is 

S 






(1-5) 



where ^ = free space wavelength of the operating frequency 

> c = free space wavelength of the cut off frequency for wave- 
guide being considered equal to twice the wide dimension. 
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attenuation at a small figure. 

Placing a dielectric slab with its long dimension in the z dir® 
ection (rectangular waveguide), the position of the slab in the wave- 
guide will determine the amount of phase shift. 

Consider a rectangular waveguide propagating in the TE^q mode, 
as shown 





H F\e\A L\v\e.s 




V FveWi L^v\es 



Fig. 1-1. Typical Rectangular Waveguide Fields 

The dielectric slab placed at the region of maximum E field 
will cause maximum phase shift. When along the y waveguide walls 
minimum phase shift will occur. By making the slab long enough it 
would be possible to obtain ISO'* phase shift by varying the position 
of the slab in the waveguide. 

This system requires mechanical linkages which introduce un- 
wanted perturbations and difficulties in obtaining precise position 
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control . 



A. G. Fox (1) developed a somewhat more involved dielectric 
phase shift device by converting rectangular propagation to cylindrical 
propagation. Phase shifting is accomplished in the cylindrical section 
by means of a rotatable dielectric vane. After phase shifting the prop- 
agation is converted back to a rectangular system. 

The advantage of this system is that phase shifting is continuous 
o 

through 360 . By very careful construction the attenuation caused by 
the conversions from rectangular to cylindrical and back to rectangular 
are kept to a minimum. 

The main disadvantage of the mechanical and dielectric phase 
shift techniques is the limitation of the speed of changing phase due 
to the mechanical motions involved. 

The chief reason for the emphasis on dielectric phase shift de- 
vices was the analagous behavior to a parametric amplifier with regards 
to low noise figure. 

1-3. Ferrite Phase Shifters 

It wasn't until after Polder (3) showed that the nonreciprocal 
properties of ferrite loaded microwave devices depended on the tensor 
properties of the ferrite permeability that any progress was made in 
using a magnetic material as a means of controlling phase shift. 

The tensor representation of the permeability property describes 
the manner in which the medium responds differently to different senses 
of propagation. 

Since the permeability of the ferrite can be changed by applying 
an external magnetic field it became possible to develop a phase shifter 
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with no moving parts and rate of change at electronic speeds. 

The next section of this paper will treat the ferrite properties 
that make phase shifting possible. 
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CHAPTER II 



PROPERTIES OF FERRITES AT MICROWAVE FREQUENCIES 
II- 1. Brief Hislo r ical Sketch of Microwave Ferrite Development 

In a sketch by K. J. Button (34), magnetic measurements were 
made as early as 1890 but usage had been limited up to about one 
megacycle until 1930 when the need arose for low pass permeability 
cores above a few megacycles. From 1936-49 effort was devoted on 
synthesis of polycrystalline materials with suitable magnetic char- 
acteristics for rf and microwave frequencies. 

In 1948, the Neel (4) theory of ferri magnet ism was announced. 

In this he postulated that spins of adjacent magnetic atoms are aligned 
"oppositely", and that the closer the atoms, the stronger the tendency 
to align oppositely. 

Although the basic phenomenon of ferromagnetic spin resonance 
at microwave frequencies was predicted as early as 1935 by Landau 
and Lifshitz, a more rigorous quantum mechanical treatment was not 
provided until 1948-49 by Polder (3). 

It wasn’t until after Polder’s rigorous proof showing the ten- 
sor analysis dependence of the nonreciprocal properties of ferrite 
loaded devices that work really progressed. 

Roberts, in 1951, observed the rotation of the E & H fields in 
a circular waveguide containing a ferrite material. This was also 
observed by Hogan in 1952-3 (5) and stimulated extensive effort in 
the field of Faraday rotators. 

From an understanding of the Faraday rotator and ferrite prop- 
erty measurements many devices followed: (a) in 1953, a nonreciprocal 
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phase shifter (8), (b) in 1953, a four point circulator (5), (c) 

1956, field displacement isolators (14), (d) 1956, strip line iso- 

lators (16), (e) in 1957, predictions for antenna scan techniques 
(22), and (f) in 1962, power limiters (47). 

II-2. Ferrite Properties 

The most important properties of ferrites at microwave frequencies 
are those which are nonreciprocal. A list of some of these properties 
is : 

1) Nonreciprocal Phase Shift 

2) Nonreciprocal Displacement 

3) Nonreciprocal Rotation (Isolator) 

4) Nonreciprocal Birefringence (Modulator) 

5) Nonreciprocal Loss (Resonance Isolator) 

In addition, there are reciprocal properties under the control 
of an externally applied magnetic field. Some of these ares Attenu- 
ation, phase shift, and modulation. 

It is to be remembered that the ferrites used at microwave fre- 
quencies are special magnetic crystals and require special preparation. 
D. L. Fresh (19e) describes the complex problem involved and technique 
required to make microwave ferrites. 

Besides the nonreciprocal and reciprocal properties of ferrites, 
they can also be classed as having magnetic and non magnetic pro- 
perties . 

II-2a. Magnetic Properties 

Magnetic Properties are: Diamagnetism, Paramagnetism, Ferro- 

magnetism, Ferriraagnetism, Antiferrimagnetish, Magnotastatic Energy, 
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Fig. 2-2. Representation of magnetic dipole orientation in para- 
magnetic material 

Ferromagnetism (Fig. 2-3) is the property by which permanent 
magnetic dipoles are not oriented at random but show alignment over 
regions large compared to the atomic volume. These regions (domains) 
can be aligned by external magnetic field.' The domains are random 
in the material and align only under the influence of an external 
field. 
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Fig. 2-3. Representation of domain alignment in Ferromagnetic 
material . 

Each of these magnetic properties has associated with it a 
volume magnetic susceptibility: 
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1) Diamagnetic materials have a magnetic susceptibility that 

* 5 — 6 

is negative and of the order of 10 to 10 cgs units 

2) Paramagnetic materials have a positive magnetic susceptibility 

-4 

of 10 cgs units 

3) Ferromagnetic materials have a positive magnetic suscepti- 

2 3 

bility of 10 to 10 cgs units 

Owens (20) and Van Vleck (19a) discuss f errimagnetism and anti- 
f errimagnetism. Both of these properties were proposed in the n£@ 1 
Theory of Ferrimagnetism, and are actually special eases of ferro- 
magnetism. 

Ferrimagnetism (Fig. 2-4) is that property by which small mag- 
netic moments within a domain align opposite to the large dominant 
magnetic moments (unequal opposite magnetic moments). 




Fig. 2-4. Representation of dipole alignment within a domain of a 
ferrimagnetic material 

Antif errimagnetism (Fig. 2-5) is like ferrimagnetism except 
that the magnetic moments are of equal magnitude. 
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Fig. 2-5. Representation of dipole alignment within a domain of an 
antiferrimagnetic material 

The unit magnetic moment, defined as Bohr Magnetron (20), in 
ferrites is the spinning electron. 

In order to prevent the complete cancellation of the magnetic 
moments in a domain the ratio of spacing between atoms to the diameter 
of the electron shell must exceed a minimum of about 1.5 (20). 

In a ferrimagnetic material, not in a magnetic field, the magnetic 
moments tend to align parallel along easy directions of magnetization. 
The regions of alignment, domains, are interrupted due to impurities, 
strains, internal fields, imperfections and sample size. The boundary 
wall between domains is a region of transitions between magnetic 
moments. The moments at these walls are in unbalance. When an ex- 
ternal field is applied, some of these moments will line up with the 
adjacent domain which is most nearly oriented with the field. This 
causes the wall between the domains to move thus enlarging the 
favorable domain (Fig. 2-6). A reversal of the field will cause the 
wall to move in a reverse direction. 

This brief discussion on domain theory describes the magnetic 
phenomenon in terms of magnetic moments. 
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Fig. 2-6. Illustration of domain theory- 

(a) No external field, (b) external field applied down, 

(e) external field applied up, (d) domain structure net 
effected by H external • 

The Magnetostatic Energy, Exchange Energy, Anisotropy Energy, 
and Magnetoelastic Energy, concepts will be discussed only in general 
terms, specifics can be obtained from reference (51), section 2-3, 

Magnetostatic Energy is associated with the energy on the surface 
of the material. It is also known as the energy of demagnetization. 

Exchange Energy is associated with the boundaries between do- 
mains. Since the magnetic moments at the walls cannot be abrupt, 
there is an energy exchange region. This energy exchange is there- 
fore directly related to the magnetic moment orientation of adjacent 
domains . 

Anisotropy Energy is also closely related to the domain walls. 
Experimentally it was found that certain ferrites magnetized easier 
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along certain directions. These were called "easy" axes. The "hard" 
axes are those which require the largest external field to produce 
magnetic saturation. Anisotropy energy is defined as the difference 
between the energy required to magnetize a sample to saturation along 
the hard direction and that required along the easy axes. One im- 
portant property to be remembered here is that anisotropy disappears 
at the Curie Temperature. 

Magnetoelastic Energy is associated with the deformity of the 
magnetic crystal under magnetization. 

The Curie Temperature (20) is the temperature above which the 
material loses its ferromagnetism and reverts to paramagnetism due 
to thermal agitation. As the Curie Temperature is approached the 
permeability increases and coercive forces in the crystal reduce. 
Present day ferrites have a Curie Temperature well above room tempera- 
ture. The temperature factor is important in working the ferrite. 

The best ferrite material is one which exhibits ferrimagnetism, 
has a high Curie Temperature, low conductivity, high permeability, 
low coercive forces and a high magnetic moment. Associated with 
ferrite materials is the saturation moment which is a function of 
the lattice structure and a "g" factor (Lande g factor (32)) which 
has been experimentally and theoretically shown to be : g = 2. 

Il-2b. Non Magnetic Properties 

The two significant non magnetic properties of ferrites are 
resistivity and dielectric constant. These properties are given ex- 
tensive treatment by L. G. Van Uiter (19d). 

By nature, ferrites are semiconductors. Resistivities vary from 



14 



-3 

5 X 10 ohm-cm for magnetite, due to the presence of divalent iron, 
to well over 10^ ohm-cm in certain magnesium and nickel ferrites at 
room temperatures . Accompanying the high resistivities are lew dielec- 
tric constants at microwave frequencies. Dielectric constants of the 

order from 5-10 have been observed- However, these same ferrites 

5 

will have dielectric constants of the order of 10 when used at low 
frequencies . 

The exact electrical properties of any given ferrite composition 
are dependent upon the heat treatment employed in its preparation. 
Resistivity of ferrites is also temperature dependent as given 

by: 




where /O is resistivity 

A is a temperature independent constant, and depends only on 
the nature of the material 
Q is actuation energy 
is Boltzmann constant 
T is absolute temperature. 

When the natural logarithms of resistivity are plotted vs X/T, the 
slopes of the resulting straight line segments represent Q/k for 
different conduction mechanisms. Fig. 2-7 is such a plot and shows 
breaks and discontinuities. According to Van Uiter (19d) these breaks 
are closely related to the Curie temperature and are attributed to 
crystal structure changes for low temperature breaks, changes in con- 
duction mechanism, and hysteresis effects. 
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